ABSTRACT. Tissue factor (coagulation factor III) is a cell surface receptor for coagulation factor VII/VIIa; it was initially recognized as an initiator of the extrinsic coagulation pathway. Recently, the zebrafish tissue factor gene (TF) has been cloned. Paralogs encode coagulation factors IIIa and IIIb; both show remarkable sequence identity to the human and mouse coagulation factor III gene. It has been reported that TF could have additional properties that are essential for normal embryonic development, since knockout of the murine coagulation factor III gene resulted in 90% embryonic lethality. We examined the role of coagulation factor IIIb (f3b) during zebrafish embryonic development. Expression analysis revealed that endogenous f3b was chronologically expressed in the pectoral fins and in the vicinity of the pharynx. Knockout of f3b by injection of an f3b morpholino at the oneto-two cell stage caused distinctive morphological defects in embryos, including edema in the fourth brain ventricle at early embryonic stages and occasional bleeding at later stages. Furthermore, f3b morphants displayed abnormal vascular patterning. We conclude that f3b is required for brain vascular development and for development of part of the somatic vasculature during embryogenesis in the zebrafish.
INTRODUCTION
Tissue factor (TF) is a transmembrane glycoprotein that shares structural homology with class II cytokine receptors (Bazan, 1990) . The human TF gene has been cloned (Spicer et al., 1987; Morrissey et al., 1987; Mackman et al., 1989) and is localized on chromosome 1 (p21-p22). The 6 exons are translated into a 263-amino acid protein with a 219-amino acid extracellular domain, a 23-amino acid transmembrane region, and a 21-amino acid intracellular domain. Also known as coagulation factor III, TF is the cell surface receptor for factor VII (FVII), which is responsible for triggering blood coagulation (Nemerson, 1988; Carson and Brozna, 1993) . Tissue factor is involved in thrombosis and inflammation associated with sepsis, atherosclerosis, tumor progression, and embryogenesis (Pawlinski and Mackman, 2004; Chen and Dorling, 2009) .
Constitutive expression of the TF protein and mRNA was confined to stromal fibroblasts in vascular adventitia and organ capsules, to epithelial cells in the skin and mucosa, to stromal cells in the endometrium, and to astrocytes in the brain (Edgington et al., 1991; Osterud et al., 1995) . In situ hybridization studies in normal murine tissues revealed a similar pattern, but TF mRNA was also expressed in the embryonic epithelia from E9.5-12.5, including cornea and pharyngeal epithelium (Mackman et al., 1993; Soifer et al., 1994) . It has been reported that humans cannot survive without TF (Tuddenham et al., 1995) , and homozygous knockout of tissue factor in mouse embryos resulted in approximately 90% embryonic lethality by E10.5 (Carmeliet et al., 1996; Toomey et al., 1996) . Therefore, TF is essential for embryonic development, but its specific functions are unknown.
The study of zebrafish embryogenesis has yielded many insights into the development of the embryonic vasculature. Zebrafish embryos develop externally, are nearly transparent, and are thin enough for diffusion-mediated oxygenation from the medium. In fact, zebrafish can survive the first week of development without a functional vasculature or heart beat, allowing a detailed analysis even in animals with severe cardiovascular defects. By contrast, avian and mammalian embryos die rapidly in the absence of a functional cardiovascular system (Stainier et al., 1995 (Stainier et al., , 2001 Sehnert et al., 2002) .
The zebrafish coagulation factor IIIb (f3b) gene has been cloned (Stein et al., 2007 ) and shows significant homology with the human and mouse TF gene. We demonstrate that endogenous f3b is expressed in the pectoral fins and in the vicinity of the pharynx. Knockdown of f3b caused distinct morphological defects in embryos; early stage embryos exhibited edema in the fourth brain ventricle, while later stage embryos showed signs of regional hemorrhage. Furthermore, f3b morphants displayed abnormal vascular patterning as revealed by fluorescence angiography.
MATERIAL AND METHODS

Zebrafish strains and maintenance
Zebrafish (AB strain) embryos were collected and staged as previously described (Kimmel et al., 1995; Westerfield, 2000) . In order to block pigment formation in embryos, 0.003% phenylthiourea was added to the medim at 18 hpf (hours post-fertilization) and replenished every 24 h thereafter. Embryos were fixed in 4% paraformaldehyde-phosphate-buffered saline at 4°C and stored in 100% methanol at -20°C prior to in situ hybridization.
Reverse transcription-polymerase chain reaction (RT-PCR)
Total RNA was extracted from 25 to 30 embryos using TRIzol Reagent (Invitrogen, USA) according to manufacturer instructions. One microgram of total RNA was used as the template in a 20-mL RT-PCR mixture using a one-step RT-PCR kit (Qiagen, Germany). The RT-PCR conditions were as described by Berghmans et al. (2005) except for a change in annealing temperature, which depended on the Tm value of the primers.
Whole-mount in situ hybridization
Whole-mount in situ hybridization experiments using the combination of digoxigenin-labeled antisense RNA probe and a digoxigenin/alkaline phosphatase-conjugated antibody (Roche) were performed as previously described (Westerfield, 2000) . For the f3b and flk1 (Yamaguchi et al., 1993) antisense probes, the NBT/BCIP coloring reactions were carried out at about 20°C for 2 h.
Morpholino oligonucleotide injection
Morpholinos (MOs) were obtained from Gene Tools, LLC (USA). MOs targeting the sequences flanking the initiation codon (TF ATG -MO) or targeting the splice junctions (TF SPL -MO) of the zebrafish f3b gene were injected into embryos at 1-to 4-cell stage. In our experiments, we chose the second spliceosome that consists of the end of exon 2 and the beginning of intron 2 as the MO targeting site. Either TF ATG -MO or TF SPL -MO at 0.5 mg/mL (4 ng/embryo) was injected into the blastomere of one-or two-cell stage embryos. Control MO was injected at the same volume. The sequences of the morpholinos are listed in Table 1. Oligo Sequence
5'-CCTCTTACCTCAGTTACAATTTATA-3' Primers for the cloning of TFb mRNA in riboprobe synthesis TFb-CDS-l 5'-GGGCAAACTTACCAAAGCAA-3' TFb-CDS-r 5'-TTTCCTGTGCTTCCAGCTTT-3' Primers for the cloning of TFb-EGFP construct synthesis TFb-egfp-l 5'-CCGCTCGAGGCAGGACGGATTTATTGA-3' TFb-egfp-r 5'-CGCGGATCCTCCTCATCCAGTCGGTTA-3' Primers for RT-PCR for TFb mRNA in splice-site morpholino study TFb-SS-l 5'-GTAATATGTTCGGCACT-3' TFb-SS-r 5'-AAAGATGTCACGGATG-3' Table 1 . Sequences of oligos used.
Construction of f3b-EGFP plasmids
The 87-bp untranslated region and the full-length cDNA of the zebrafish f3b were generated by PCR with specially designed primers (Table 1 ). This PCR product was digested with BamHI and XhoI (New England Biolaboratory, Inc.), gel-purified (QIAQuickgel extrac-tion kit), and subcloned into the pEGFP-N1 plasmid (CLONTECH Laboratories, Inc.). The recombinant plasmid was identified by restriction digestion analysis, and sequence accuracy was confirmed by automated DNA sequencing. The TF ATG -MO (4 ng MO/embryo) or plasmid DNA (50-100 pg/embryo) was microinjected into embryos at the one-or two-cell stage.
Fluorescence angiography
Zebrafish at 48 or 72 hpf were anesthetized with a standard solution of 0.02% tricaine (w/v; tricaine methane sulfonate, MS-222; Sigma, A5040) for 2-4 min. Fish were then transferred to a slotted 1% agarose gel with its ventral side up. About 5 mL FITC-Dextran (50 mg/mL; Sigma-Aldrich Co.) was delivered into the heart using standard microinjection equipment. A mounted fish was placed under a fluorescent microscope (Olympus BX61) to assess vascular patterning.
Photography
Stained embryos were examined with Olympus BX61 and SZX12 microscopes and photographed with a DP70 digital camera. Images were processed using the Adobe Photoshop software.
RESULTS
Expression of the f3b gene in zebrafish embryos
RT-PCR was performed on zebrafish embryos at a series of stages: 6-somite (12 h hpf), 18-somite (18 hpf), prim-5 (24 hpf), prim-25 (36 hpf), long pec (48 hpf), and protrudingmouse (72 hpf). The f3b mRNA was detected as early as 18 hpf (Figure 1 ). Whole-mount in situ hybridization with the f3b antisense probe was performed to examine regional expression of the f3b mRNA in zebrafish embryos. Staining was detected in the pectoral fin as of 36 hpf and in the vicinity of the pharynx by 72 hpf (Figure 2) . 
Characterization of the f3b morphant phenotype
The role of f3b during embryonic development was investigated by mRNA knockdown using MOs. Most embryos had a relatively normal morphology at early stage embryogenesis following injection with either 4 ng TF ATG -MO or 4 ng TF SPL -MO at the 1-to 2-cell stage. However, 62.1 ± 4.3% of embryos injected with TF ATG -MO and 59.8 ± 4.0% embryos injected with TF SPL -MO manifested edema in the fourth brain ventricle by 24 hpf (data not shown). By 36 hpf, some embryos demonstrated occasional bleeding at different sites (but mainly in the brain). Embryos injected with TF ATG -MO showed bleeding in pharynx and brain at 72 hpf while embryos injected with scrambled nucleotides at the 1-to 2-cell stage showed no abnormalities during embryogenesis. Similar aberrant phenotypes were also observed in embryos injected with either TF ATG -MO or TF SPL -MO at various doses by 72 hpf but not in wild-type embryos injected with a random MO sequence (Table 2, Figure 3) .
To confirm that TF ATG -MO suppressed the f3b mRNA, we measured the suppression of a fluorescent reporter linked to the transcript. At the 1-to 2-cell stage, 4 ng TF ATG -MO or a random control sequence was co-injected with a green fluorescent protein (GFP) reporter containing the partial 87-bp untranslated region and the full-length cDNA of f3b (Figure 4, I ). The TF ATG -MO specifically knocked down the expression of GFP from this RNA transcript in 100% of embryos at 9 hpf (N = 47) as revealed by the lack of green fluorescent emission (Figure 4, IIC) . In comparison, there was no detectable knockdown of GFP when the GFP-f3b transcript was co-injected with a random control MO (N = 63) (Figure 4, IIB) . Thus, TF ATG -MO specifically inhibited the production of the EGFP-f3b protein.
To test the efficacy of the TF SPL -MO, we conducted RT-PCR. Embryos injected with 4 ng TF SPL -MO were collected and RT-PCR was performed to confirm the defective splicing conferred by the missing exon 2. Indeed, bidirectional DNA sequencing revealed lower PCR transcript levels in injected embryos (Figure 4, III The total number of animals (120) was scored at 48 hpf, and phenotypes were separated into three categories: normal, abnormal (showing either "brain edema" or "bleeding"), and death. We recorded our results of three randomized controlled trials as shown above. To test the ability of TF ATG -MO to knock down expression of its target sequence, an EGFP reporter construct was produced. IIA-C. Fluorescence microscopy images in 9 hpf zebrafish embryos. IIB. Fluorescence microscopy image of zebrafish embryos co-injected with the f3b-GFP plasmid and a random control MO. Intense GFP emission (green) was detected throughout the injected embryos. IIC. Fluorescence microscopy image of zebrafish embryos co-injected with the f3b-GFP plasmid and TF ATG -MO. Note the absence of detectable GFP emission in all embryos. IIIA. Scheme showing the position of the TF SPL -MO of the zebrafish f3b mRNA. IIIB. Molecular targeting was confirmed using RT-PCR and showed that injected embryos contained less f3b mRNA than uninjected embryos. TF = tissue factor; f3b = coagulation factor IIIb; MO = morpholino; WT = wild-type embryo; EGFP = enhanced green fluorescent protein; TF ATG -MO and TF SPL -MO = MOs targeting the sequences flanking the initiation codon and the splice junctions, respectively.
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Effects of f3b knockdown on vasculature
The f3b morphants showed extravasation of blood cells from different vessels. Therefore, we first examined the effects of f3b knockdown on vascular formation by hybridization with flk1, a transcript from a gene that encodes an endothelial-specific receptor of vascular endothelial growth factor (VEGF). During embryogenesis, flk1 expression is first detected in hemangioblasts, the common precursor of the endothelial and blood lineages, and remains active in endothelial cells during vascular formation (Yamaguchi et al., 1993; Millauer et al., 1993) . By whole-mount in situ hybridization with flk1, we demonstrated a significant reduction in the intermediate cell mass and in brains of f3b morphants. In control embryos, flk1 expression revealed a ringed-vascular structure in the brain at 28 hpf. However, this structure was deformed in f3b morphants ( Figure 5 ). We also examined the vasculature of zebrafish in late embryogenesis by fluorescence angiography, and found that the f3b morphants displayed a "string-of-beads" vascular structure at 48 hpf compared with control embryos. By 72 hpf, f3b morphants showed extravasation of blood cells around the abnormal vasculature ( Figure 5 ). Note that the somatic vessel (white arrow) has a "string of beads" structure at 48 hpf and hemorrhage at 72 hpf in f3b morphants but not in control embryos. WT = wild-type embryos; MO = morpholino.
DISCUSSION
In this study, we investigated the temporal and spatial expression pattern of zebrafish f3b and the phenotype conferred by f3b knockdown. Knockdown of f3b using MOs gave rise to embryos with edema in the fourth brain ventricle and occasional bleeding. In contrast, f3b hypofunction did not cause gross developmental delay.
What is known about f3a
We searched a zebrafish library and found the cDNA sequence of the zebrafish TF gene with two homologues, f3a (GenBank ID No. XM_690549) and f3b (GenBank ID No. NM_001017728). The sequence of the f3a protein was predicted by automated computational analysis, but knockdown using MO did not yield a measurable phenotype, suggesting that f3a may require more accurate sequencing.
The specificity of gene expression and MO knockdown
The sequence of the f3b mRNA riboprobe was consistent with the cDNA sequence found by Blast search. We then designed two different MOs targeting the f3b gene and a control MO. By microinjection into zebrafish at the 1-to 2-cell stage, both of the f3b MOs led to the same phenotype, while embryos injected with the control MO appeared normal.
Edema in the fourth brain ventricle
Knockdown of f3b with these MOs yielded embryos with edema in the fourth brain ventricle by the pharyngula period. Moreover, whole-mount in situ hybridization with a probe for the VEGF receptor demonstrated a significant reduction in the intermediate cell mass containing hematopoietic progenitor cells. Knockdown also altered f3b expression in the brain in f3b morphants, leading to edema. While the mechanism for edema has not been fully explained, the aberrant morphology of the CNS vasculature (the "string of beads" conformation) observed by fluorescence angiography may have produced an obstruction that impeded cerebrospinal circulation, leading to elevated pressure and edema.
The reason for occasional bleeding
In addition to improper vascular development, knockdown of f3b resulted in occasional bleeding at different sites, including the brain and pharynx. Indeed, the high expression of f3b at these sites in wild-type embryos underscores the role of f3b in angiogenesis within these regions. Under normal physiological conditions, zebrafish show a very low propensity for bleeding because TF initiates the coagulation cascade when the blood vessels are damaged. Therefore, we speculated that knockdown of f3b resulted in both abnormal vasculature patterning and reduced coagulation, leading to localized hemorrhage. Microscopic analysis demonstrated aberrant vasculature construction prior to bleeding, indicating that f3b participates in both angiogenesis and the coagulation response. This conclusion is consistent with previous observations; mice lacking TF die at E8.5 secondary to insufficient circulation from the yolk sac to embryo (Carmeliet et al., 1996) . Also, in vitro studies have shown that alternatively spliced TF enhanced the migration and differentiation, but not proliferation, of endothelial cells (He et al., 2008) .
In summary, our findings suggest that, in addition to its better known role in coagulation, f3b is required for angiogenesis during early zebrafish embryogenesis. However, it still remains unclear how TF affects the differentiation and patterning of endothelial cells or vascular smooth muscle cells. Future studies will be directed toward understanding the underlying molecular mechanisms and could provide valuable insights into angiogenesis and the pathophysiology of sepsis and atherosclerosis.
